Abstract Flame-wall interactions are a crucial aspect concerning the design and optimisation of a spark-ignition engine. To improve the understanding of the phenomenon, flame-wall interactions are investigated by highly resolved wall heat flux measurements. For this purpose, a turbocharged, direct-injected spark-ignition engine was equipped with eight surface thermocouples and operated at five measuring points to examine the influence of speed, load, charge motion and equivalence ratio on the quenching process. A cycle-resolved analysis is utilized to extract the wall heat fluxes during flame-wall interaction which are subsequently used to calculate the quenching distances, as well as the normalised wall heat fluxes and Peclet numbers. To correctly estimate these values, a simulative methodology based upon a 3D-CFD in-cylinder flow and a 1D flame calculation with detailed chemical kinetics is employed. The 3D-CFD in-cylinder flow was combined with a 3D-FE heat conduction and 3D-CFD coolant flow simulation to properly predict the wall temperatures and thereby the near-wall flow state. The findings show that the quenching distance is proportional to the laminar flame thickness at first order. Hence, the engine load is found to be the main parameter influencing the quenching distance. The analysis of the quenching distances, normalized wall heat fluxes and Peclet numbers reveals that flame-wall interactions in spark-ignition engines exhibit strong similarities to laminar premixed flame-wall interactions. In addition, two correlations for calculating the quenching distance are proposed. These insights provide a deeper understanding of flame-wall interactions in spark-ignition engines and can be used to develop or adapt turbulent combustion models.
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Introduction
The combustion process of a modern spark-ignition engine plays a key role concerning emissions, efficiency and performance. Its analysis and optimisation requires indepth knowledge of the underlying physics, as well as comprehensive numerical models and simulation tools. In the past, considerable attention was given to the ignition process (e.g. Dahms et al. [16] ), main combustion phase (e.g. Linse et al. [26] ) or irregular knocking combustion (e.g. Linse et al. [27] ). Despite the fact that 60-80% of the in-cylinder charge is burned by a decelerating flame (Heywood [22] , Liu et al. [28] ), only few publications concentrated on this late stage of combustion where quenching, i.e. flame extinction at cold walls, occurs. The interaction of a (turbulent) flame with the walls of a combustion chamber significantly influences the combustion efficiency, the wall heat losses and to a smaller extent the engine-out HC-emissions (cf. Alkidas [3] ). Hence, flame-wall interactions have to be accounted for to optimise the design of an engine. This aspect becomes especially relevant for downsized engines with a high surfaceto-volume ratio of the combustion chamber and/or a high power per displacement. Therefore, a thorough understanding of flame-wall interactions in spark-ignition engines is vital.
Literature review
The quenching of premixed flames received considerable interest by researchers for many decades. It is wellestablished that the main mechanism leading to flame extinction near cold walls (T W \600 K) is the thermal loss to the wall. Once the flame approaches the wall, the increasing wall heat losses inhibit all reactions with high activation energies, especially chain branching reactions, due to an insufficient temperature level. Only radical recombination reactions are able to take place. The decreasing radical pool slows down the chain branching reactions even further until the flame is subsequently quenched [21, 34, 35, 40] . It was shown that the wall heat flux reaches its maximum in the moment of quenching and that this value is correlated to the heat release rate of the flame, as well as to the quenching distance y Q (cf. Vosen et al. [38] ). Early studies focused on this aspect of flame-wall interactions, since the wall heat flux is relatively simple to measure in contrast to a direct (optical) observation. It was demonstrated that the wall heat flux normalised with the heat release rate of the flame is a characteristic feature of quenching. It remains constant at around 0.3 for head-on quenching for a wide variety of equivalence ratios [18, 23, 38] , hydrocarbon fuels [18, 21, 23, 29, 38] , pressures [25, 37] and wall temperatures [14, 15, 18, 21, 29, 34] . In a similar manner, the quenching distance can be normalised with the laminar flame thickness l F yielding the second characteristic quantity of flame-wall interactions, the so-called Peclet number Pe Q ¼ y Q =l F , which typically ranges between 3 and 4 for laminar head-on quenching.
In contrast to laminar flame-wall interactions, turbulent flame-wall interactions were studied less extensively albeit their importance for almost any modern combustion system including spark-ignition engines. The reason for this is the complex nature of the phenomenon with many interacting processes. As a consequence, the majority of publications on this topic are numerical studies restricted to generic turbulent flows such as a channel or Couette flow. Bruneaux et al. [9] [10] [11] were among the first to carry out a three-dimensional direct numerical simulation of flame quenching in a turbulent channel flow. They found out that flame-wall interactions are influenced by the near-wall structures of the turbulent boundary layer flow, like the hairpin vortex [33] . These vortices can push the flame towards the wall decreasing the quenching distance and increasing the wall heat flux in turn. This observation was later confirmed by Alshaalan et al. [4, 5] for a flame in a turbulent Couette flow. They also remarked that the inverse correlation between the wall heat flux and the quenching distance still holds for turbulent conditions. The first calculation with detailed chemistry was conducted in a turbulent channel flow by Gruber et al. [19] . They determined that the thermal quenching mechanism of laminar flames is also the dominant mechanism for turbulent flames. In both cases, the flame is quenched due to the promotion of radical recombination reactions and inhibition of chainbranching reactions.
Objective and structure of this work
The question, which arises at this point, is whether these mechanisms apply to flame-wall interactions in spark-ignition engines. Recent publications [1, 36] suggest that the near-wall turbulence in engines differs from the one found in canonical turbulent flows over flat planes. Most notably, the former does not exhibit a peak of the turbulent kinetic energy near the wall like the latter. This directly leads to the assumption that flame-wall interactions in engines are only weakly influenced by turbulence. It is a common assumption that a relaminarization of the turbulent flame occurs near the walls of a combustion engine (cf. Boust et al. [8] ), however, experimental evidence on this phenomenon is scarce. Similarly, there is a considerable shortage of appropriate experimental data (e.g. quenching distances or Peclet numbers) on the quenching process in spark-ignition engines. Therefore, the aim of this study is to analyse and clarify the nature of flame-wall interactions in spark-ignition engines providing guidance and references for future modelling attempts.
For this purpose, the instantaneous wall heat flux at eight positions in the cylinder head of a modern sparkignition engine was measured using the well-known surface temperature method (e.g. Wimmer et al. [41] ). A total of five operating points was investigated to study the influence of engine speed, load, charge motion and equivalence ratio. This allows a comprehensive analysis of flame-wall interactions with respect to a wide range of pressures, temperatures and mixture properties.
Since the flame-wall interaction process is subjected to considerable cycle-to-cycle variations, the analysis of ensemble-averaged wall heat fluxes is insufficient. Hence, a procedure is proposed to extract and analyse the quenching wall heat flux based on single cycles. The estimation of the quenching distance, as well as the Peclet number and the normalised wall heat flux requires the local mixture properties in the combustion chamber in the moment of quenching. For an accurate estimation of these properties, a methodology is developed comprising 3D-CFD, 3D-FE and 1D simulations incorporating detailed chemical kinetics.
The obtained quenching distances are discussed in detail and two relations for its modelling are proposed. The effects of the operating parameters of the engine on the quenching distance are shown. Moreover, an emphasis is laid on a comparison to the data found in literature. The corresponding Peclet numbers and normalised wall heat fluxes are presented subsequently. It is shown that the quenching process in a spark-ignition engine is comparable to laminar flame-wall interactions and mainly influenced by the flame orientation and the local mixture properties in the combustion chamber.
Theory
Flame-wall interactions are encountered in almost any technical device with a closed combustion chamber, especially spark-ignition engines. Generally, one can distinguish between three characteristic configurations (Poinsot and Veynante [32] ):
-head-on quenching (HOQ), where the flame front is parallel to the wall and propagates towards it. -side-wall quenching (SWQ), where the flame front is perpendicular to the wall and propagates parallel to it. -tube quenching, which describes quenching in tubes with a sufficiently small diameter.
The latter one is only of minor importance considering flame-wall interactions in spark-ignition engines and will not be discussed further. During SWQ, the wall heat flux is generally lower and the quenching process can additionally be influenced by flame stretch increasing the quenching distance (cf. Enomoto [17] ). However, flame stretch is commonly a secondary parameter compared to thermal losses (Boust et al. [8] ). In the following, the definitions of the normalised wall heat flux as well as the Peclet number are introduced. Their characteristic magnitudes are discussed and two approaches for the estimation of the quenching distance based on the wall heat flux are presented.
General definitions
To quantify and assess flame-wall interactions, the wall heat flux in the moment of quenching _ Q W;Q is commonly normalised by the heat release rate of an undisturbed flame _ Q R , also called flame power, yielding the normalised wall heat flux u Q :
The second characteristic quantity, the Peclet number Pe Q , is calculated by normalising the quenching distance y Q with the diffusive flame thickness l F :
The normalised wall heat flux u Q and the Peclet number Pe Q are inversely related. Boust et al. [6, 8] proposed the following correlation: 
For laminar head-on quenching at ambient conditions, a normalised wall heat flux u Q % 0:3 and a Peclet number Pe Q % 3 À 4 are characteristic. However, it was shown by Hasse et al. [21] , Sotton et al. [37] and Labuda et al. [25] that u Q and Pe Q are slightly pressure dependant. Hence, the correct choice of these bound is vital for the analysis of flame-wall interactions in a spark-ignition engine. Since the normalised scales behave similar for all hydrocarbon fuels, guidance can be obtained by analysing the study of Labuda et al. [25] . The normalised wall heat flux for laminar head-on quenching of stoichiometric methane-air flames at p [ 20bar and T u % 850 K is approximately u Q % 0:2. The corresponding Peclet number can be found using relation (4) and assuming T b % 2500 K:
The error concerning the estimate of u Q was specified by Labuda et al. [25] to lie within 15-20%. Thus, it can be expected that the wall heat flux during laminar head-on quenching of hydrocarbon flames at elevated pressures varies between u Q;HOQ % 0.17-0.23. Correspondingly, the Peclet number can be estimated as Pe Q;HOQ % 4-6.
As already indicated, the quenching distance for SWQ is higher than for HOQ. The data provided in a study by Boust et al. [8] allows the conclusion that the quenching distance for SWQ at slightly elevated pressures is higher by a factor of approximately 2.5 compared to HOQ. This can be complemented by numerical results published by Poinsot et al. [31] indicating a factor of around 2. Hence, a sound approximation for the Peclet number during SWQ based on the previously discussed magnitude of Pe Q;HOQ is Pe Q;SWQ % 10-15. Similarly, the wall heat flux during side-wall quenching is expected to be smaller by a factor of 2-3 compared to headon quenching and vary between u Q;SWQ % 0.06-0.1.
Quenching distance estimation
The relation (4) between the normalized wall heat flux and the Peclet number can be used in combination with the definition of the Peclet number (2) to calculate the quenching distance. Several authors validated this procedure against laminar quenching distances of methane-air flames obtained by optical [6] [7] [8] 37] and electrical probe diagnostics [24, 25] . However, the definition of the flame position and thereby the quenching distance relied on an optical criterion (chemiluminescence of CH* and C Ã 2 ) which is difficult to correlate and compare to simulations.
For this reason, an alternative approach is proposed. An obvious relation for the estimation of the quenching distance can be stated as
where it is assumed that the heat flux across the chemically inert unburned layer of thickness y Q is constant in the moment of quenching (cf. Boust et al. [8] ). A major drawback of this relation is the unknown temperature T F;Q of the flame during quenching. A physically sound approximation is the inner layer temperature T 0 , due to its significance for kinetically determined flame extinction and flammability limits (cf. Peters [30] ). Chain branching and chain terminating reactions are assumed to be in an equilibrium at T 0 . If the flame temperature falls below T 0 , the chain terminating reactions become dominating and the flame eventually extinguishes. An estimate for the quenching distance using the inner layer temperature then reads
This formulation, called 'inner layer formulation' in the following, is used besides the relation (4) by Boust et al. to calculate the quenching distances. It is expected that the results of both relations coincide within certain bounds attributed to different modelling assumptions. An important characteristic of the inner layer formulation is that it is less sensitive towards errors in the estimation of the state variables, especially concerning T u and /. This can be shown by calculating the first-order taylor series of y Q estimated with Eq. (4) respectively (6) around a pre-defined 'operating point' representative for the investigated experimental conditions. For the present example, this point is chosen as
All relevant values are calculated by a 1D flame simulation introduced in Sect. 4 . The results are shown in Table 1 . The inner layer formulation is less sensitive towards errors, especially concerning the unburned temperature.
Experimental setup and data processing
The direct observation and measurement of flame-wall interactions in a practical combustion device is a difficult task, as the requirements concerning spatial and temporal resolution are very high. The quenching distance is commonly of order Oð10 lmÞ, while the duration of flame-wall interactions at elevated pressures and temperatures varies between 0.15-0.5 ms [25, 37] . Moreover, the measurement device has to be integrated in an environment with limited access to the combustion chamber, high temperatures and pressures as well as vibrations. As previously discussed, the wall heat flux is a characteristic quantity of flame-wall interactions which allows an estimation of the quenching distance in laminar as well as turbulent conditions. In combination with the normalised wall heat flux u Q and the corresponding Peclet number Pe Q , flame-wall interactions can be assessed by comparing the results to the data published in literature. Highly resolved measurements of wall heat fluxes in engines have already been made numerous times [2, 13, 20, 39, 41] using the surface temperature method. The method proved to be robust enough to withstand the harsh measuring environment while retaining the necessary accuracy and response time. This makes it ideal for the evaluation of the flame-wall interaction process in a spark-ignition engine.
This section provides an overview of the experimental setup and programme before concluding with the evaluation of the wall heat fluxes.
Equipment and operating points
The engine used in the experiments is a three-cylinder BMW series production engine. It was modified to run on one cylinder only in order to integrate it in a conventional single-cylinder test bed. Charge air was supplied by an external compressor. Technical details are provided in Table 2 .
The cylinder head of the engine was equipped with eight coaxial K-type surface thermocouples produced by the company Medtherm. According to the manufacturer, the time constant is of order 1 ls due to the thin plating of approximately 2 lm. The thermocouples were mounted in aluminium sleeves and subsequently calibrated using a dynamic test rig described by Wimmer et al. [41] . Besides a correction of manufacturing tolerances, this approach also minimises the error due to heat conduction between the thermocouple and the sleeve. The assembled thermocouples were then installed flush with the walls of the cylinder head. The locations of the measuring positions are shown in Fig. 1 . The sensors were connected to the indication system via an analogue amplifier. Additionally, pressure indication in the cylinder as well as in the exhaust and intake ports was employed. The sampling interval of these quantities was 0:5 , which corresponds to a sampling frequency of 24 and 48 kHz at 2000 rpm respectively 4000 rpm. The duration of flame-wall interactions is expected to be in the range of Oð0:15 msÞ-Oð0:5 msÞ at elevated pressures [25, 37] . Hence, the time resolution is sufficient. The wall heat flux was calculated afterwards by solving a one-dimensional heat conduction equation. Details of this procedure can be found in the paper of Wimmer et al. [41] . For a meaningful statistical assessment, the indication system was set to capture 1000 consecutive cycles for each operating point. Furthermore, several other quantities such as the intake or the exhaust temperature, fuel flow and exhaust gas equivalence ratio were recorded and averaged over a 60 s measuring interval to provide additional data for the verification of the simulations.
The engine was operated at five different measuring points in order to examine the influence of speed, load, equivalence ratio and charge motion on the quenching process. In this way, a wide spectrum of different pressures, temperatures, mixture and flow properties during flame-wall interaction can be covered, which is important for a comprehensive evaluation. An overview of all operating points is given in Table 3 . OP1 and OP2 are both full load points at different engine speeds whereas OP3 and OP4 are part load points which differ in the control strategy of the engine load: at OP3, the engine is throttled by an asymmetrical reduction of the intake valve lifts. This results in a swirling charge motion. At OP4, the intake pressure is reduced by a conventional throttle valve while retaining the maximum (symmetrical) valve lift. This leads to a tumbling motion at part load. OP5 is essentially a full load point with the same operating parameters as OP1 apart from the injected fuel mass which was reduced to examine flame-wall interactions at lean conditions.
Evaluation of wall heat fluxes
The combustion process in a modern spark-ignition engine is highly turbulent resulting in a significant cycle-to-cycle variation of the flame propagation and consequently of the wall heat flux. For example, wall heat flux traces of 50 consecutive cycles at OP1 and all measuring points are shown in Fig. 2 . The evaluation of high-frequency phenomena such as flame-wall interactions, therefore, requires the analysis of single cycles.
The characteristic features of flame-wall interactions are a steep gradient attributed to the arrival of the flame and a subsequent maximum of the wall heat flux _ Q W;Q associated to the moment of quenching. As one can see in Fig. 3 , the single cycle trace exhibits both these features in contrast to the ensemble-averaged trace. For the analysis of the quenching process, the wall heat fluxes _ Q W;Q as well as the corresponding crank angles a Q have to be extracted from the single cycle traces for each measuring point. This was done by an algorithm which assessed and classified the individual traces for each cycle and measuring point. Only the individual wall heat flux traces exhibiting the earlier mentioned characteristics of flame-wall interactions were chosen for the analysis. The result of this analysis is shown exemplary for the measuring point 1 at operating point 1 in Fig. 4 .
As one can see, there is a significant scatter of the data which can be attributed to varying mixture properties on the one hand and different flame orientations on the other hand. Unfortunately, the individual assessment of the quenching distance y Q as well as of u Q and Pe Q at each of these data points is not possible, as explained in the following section. These quantities can be calculated when the mixture properties, i.e. the pressure p, the unburnt temperature T u , the equivalence ratio / and the residual gas mass fraction Y EGR in the moment of quenching are known. However, / and T u can exhibit significant spatial gradients and cycleto-cycle variations in a direct-injected spark-ignition engine leading to the scatter of the quenching wall heat fluxes as shown in Fig. 4 . Thus, an estimation of these values solely based upon a zero dimensional representation of the combustion chamber is insufficient. A possible solution for this problem is utilizing a 3D URANS-CFD simulation of the in-cylinder flow. In this case, however, cycle-to-cycle fluctuations can still not be resolved since the underlying equations are implicitly averaged. This issue persists even if a numerical method capable of resolving single cycles, like LES, is employed, since an unambiguous assignment of simulation and experiment is not possible. For example, cycle 25 from LES does not necessarily represent cycle 25 from experiment. Hence, an accurate assessment of the quenching distances of individual cycles is not possible. However, an evaluation of the mean quenching distances can be done. For this purpose, the previously estimated individual wall heat fluxes in the moment of quenching are ensemble-averaged for each operating and measuring point. The result is the mean wall heat flux and point in time of quenching. The latter information can subsequently be used to estimate p, T u , / and Y EGR using 3D-CFD. In a physical sense, the mean mode of flame-wall interaction is investigated at each operating and measuring point.
A complete overview of the simulative workflow is given in Fig. 5 . The quality of the results of a 3D-CFD simulation depends on the prescribed initial and boundary conditions, which should be as accurate as possible. For this reason, a 1D gas exchange simulation as well as a complete thermal analysis was conducted for each operating point. The latter comprises an iterative succession of 3D-CFD in-cylinder and coolant flow as well as 3D-FE heat transfer simulations to provide a spatially resolved wall temperature. The 1D gas exchange simulation was conducted with GT Power and subsequently used to calculate the necessary mass flow, pressure and temperature boundary conditions. All 3D-CFD calculations were made with the commercial CFD software FIRE by AVL, whereas Simulia Abaqus was used as the 3D-FE tool. All simulations were validated and showed a satisfactory agreement compared to the available experimental data.
Having estimated the basic state variables p, T u , / and Y EGR in the moment of quenching at each measuring location individually for each operating point by 3D-CFD simulation, the calculation of the laminar flame properties, such as s (free) flame calculations were conducted using the opensource software Cantera. The most critical aspect in this respect is the choice of the reference fuel as well as the reaction mechanism. The experiments were conducted using gasoline with an addition of 10.5% ethanol. In order to emulate the behaviour of the real fuel, a surrogate fuel comprising 43.07 vol% iso-octane, 13.91 vol% n-heptane, 32.52 vol% toluene and 10.50 vol% ethanol was estimated using a correlation by Cai et al. [12] . The H/C-ratio, the air requirement as well as the lower heating value are summarized in Table 4 . The reaction mechanism employed was also developed by Cai et al. and validated against ignition delay times and laminar flame velocities available in literature [12] . At this point, all required input quantities for the correlations (4) and (6) are known and the quenching distance as well as the normalised scales can be calculated and used to assess the flame-wall interactions in a spark-ignition engine.
Results and discussion
In the following, the results of the previously described analysis are presented and discussed. It has to be noted that at OP2, the measuring points 2 and 7 were excluded due to disturbances in their output signal. In general, the duration of the observed flame-wall interactions ranges between 0.15 and 0:4 ms, which is in good accordance with the laminar quenching duration of stoichiometric methane airflames at elevated pressures reported by Sotton et al. [37] and Labuda et al. [25] . To fully examine the quenching process in a spark-ignition engine, the quenching distance as well as the normalised scales are discussed below.
Quenching distances
The mean quenching distances y Q estimated with the inner layer formulation (6) Fig. 4 Scatter plot of the wall heat fluxes in the moment of quenching at OP1 and measuring point 1. For clarity, the datapoints are colored based upon the corresponding probability density. Moreover, a contour plot of the probability density is also shown A few general statements can already be deduced by comparing the different operating points. The variation of speed (OP1 vs. OP2) has less influence on the quenching distance than the variation of the load (OP1 vs. OP4). Lean combustion exhibits larger quenching distances than stoichiometric combustion (OP1 vs. OP5). However, a general scheme can not be deduced by comparing the quenching distances to the operating conditions of the engine given in Table 3 .
To find appropriate explanations for these phenomena, the flame characteristics and in particular the laminar flame thickness have to be considered. If the flame thickness is small, the flame can propagate closer to the wall without being influenced by wall heat losses. A wider laminar flame, in contrast, starts to interact with the wall at a higher distance yielding a higher quenching distance. This relation can be illustrated by comparing the quenching distances to the laminar flame thicknesses l F shown in Fig. 6b . The latter were calculated with Eq. (3) solely based upon the simulations described in the previous section. Both quantities exhibit the same trends indicating that the quenching distances in a spark-ignition engine are proportional to the laminar flame thickness at first order, i.e. y Q $ l F . This is in accordance with the findings of the previously mentioned studies on laminar flame-wall interaction which indicate that the Peclet number Pe ¼ y Q =l F (Eq. 2) is approximately constant for a given quenching configuration (HOQ or SWQ).
Thus, the influence of different operating parameters on the quenching distance can be discussed by questioning their effect on the laminar flame properties. A higher load, for example, leads to an increased in-cylinder pressure p, directly lowering the laminar flame thickness l F and the quenching distance y Q . Lean combustion increases the laminar flame thickness l F and the quenching distance y Q in turn. The engine speed as well as the charge motion have an indirect effect as they mainly affect the mixture homogenisation and hence, the local equivalence ratio /.
However, the most important parameter regarding the quenching distance is found to be the in-cylinder pressure, which is directly coupled to the engine load. This can be explained as follows: in contrast to the in-cylinder pressure, the fresh gas temperature as well as the equivalence ratio are mainly determined by the engine design. The former depends on the compression ratio, whereas the latter usually ranges within a small operating window defined by the exhaust gas aftertreatment or the emission regulations. In the present study, the pressure varied between 15 and 90 bar whereas the unburned temperature and the equivalence ratio varied between 800 and 880 K respectively 0.85-1.15 (with the exception of OP5). Therefore, a further discussion of the quenching distance in terms of its pressure dependence is sensible.
Comparison of the inner layer formulation and the relation by Boust The quenching distances obtained with the inner layer formulation (6) and the relation by Boust (4) are plotted against the pressure during quenching in Fig. 7 . To clarify the trends, a least-square fit of the commonly chosen scaling law a Â p b is also included. (a) Quenching distances y Q evaluated with the inner layer formulation (6) at each operating and measuring point. The quenching distances estimated with the inner layer formulation are generally smaller than those estimated with the relation by Boust. The reason for this is the different definition of the flame position. In the former, the flame is uniquely identified by the location of the inner layer whereas in the latter, the flame position was defined by the chemiluminescence of methane-air flames in the visible spectrum (mainly CH Ã and C Ã 2 ). Therefore, both relations are not directly comparable as the emission peak of CH Ã and C Ã 2 does not, in general, coincide with the position of the inner layer. Nevertheless, both relations exhibit the same behaviour. Based on these results, a first order approximation of the quenching distance in spark-ignition engines operated with gasoline fuels reads
The pressure scaling of p À0:55 compares well to the theoretical scaling of the laminar flame thickness for stoichiometric gasoline-air mixtures l F $ p À0:65 T À1:55 u which was obtained by 1D flame calculations of the surrogate fuel. This again indicates that the quenching distance y Q is directly related to l F . Note that the scaling of l F is only valid for stoichiometic mixtures. If the lean operating point 5 is excluded for this reason, the pressure scaling of the experimental quenching distances becomes p À0:6 , which is in good agreement with the theoretical prediction considering the neglected variations of T u , / and Y EGR . Moreover, the pressure exponent compares well against the reported values in literature, which range from -0.48 [25] , -0.51 [37] , -0.56 [40] for stoichiometric methane-air mixtures to -0.88 [40] for stoichiometric methanol-air mixtures.
Comparison to literature To assess the flame-wall interaction process in a spark-ignition engine, it is useful to compare the quenching distances to the ones found in literature. Unfortunately, to the best of the author's knowledge, there is only one study (Labuda et al. [25] ) investigating laminar flame quenching at comparable conditions like the present work. The authors examined the head-on quenching process of stoichometric methane-air flames at pressures between 8 and 160 bar and unburnt temperatures of around 800-850 K. These conditions compare favourably to the present study. Moreover, they also utilized the highly resolved measurement of wall heat fluxes as well as the relation by Boust et al. (4) to calculate the quenching distances. Hence, a comparison to the quenching distances in a spark-ignition engine obtained by Eq. (4) is feasible, since the definition of the flame position is identical in both cases.
However, the quenching distances estimated by Labuda et al. [25] have to be adapted to the laminar flame thickness of gasoline. For a pressure between 20 and 80 bar and an unburned temperature of 800 K, it can be found by 1D flame calculations that the diffusive flame thickness of methane-air mixtures is larger by a factor of 1.7 compared to the flame thickness of gasoline-air flames, i.e. l F;CH 4 =l F;g ¼ 1:7. Since the quenching distance is proportional to the flame thickness l F at first order, the head-on quenching limit of the quenching distance of stoichiometric gasoline-air flames can be found by scaling the results of Labuda et al. by l F;g =l F;CH 4 . The side-wall quenching limit can be estimated by multiplying this results with a factor of 3 as discussed in Sect. 2. These limits are now representative for the laminar quenching distances of stoichiometric gasoline-air mixtures. As one can see in Fig. 8 , the obtained quenching distances lie between these two limits indicating that flame-wall interactions in spark-ignition engines are essentially laminar. 
Normalised wall heat fluxes and Peclet numbers
Further clues about the nature of flame-wall interactions in spark-ignition engines can be found by analysing the normalised wall heat fluxes u Q and the Peclet numbers Pe Q . For laminar quenching, these quantities remain within certain bounds, as discussed in Sect. 2. If flame-wall interactions in spark-ignition engines are laminar, as suggested by the analysis of the quenching distances, the same is expected of the present values of u Q and Pe Q .
Normalised wall heat fluxes The normalised wall heat fluxes u Q estimated with equation (1) are shown in Fig. (9) . The highlighted areas correspond to the expected values for laminar HOQ and SWQ. As one can see, all values except for one at OP3 lie within the bounds defined by laminar flame-wall interactions. This outlier results from a locally rich mixture near the flammability limit. Hence, small errors in the estimate of the equivalence ratio result in large differences in the calculation of the flame power.
Despite the large variations between the operating points regarding mixture properties, charge motion and quenching distance, the normalised wall heat fluxes are comparable. This indicates that the underlying processes of quenching are similar at the examined operating conditions. This strongly supports the assumption that the quenching process of flames in spark-ignition engines is thermally controlled and similar to laminar flames. A flame in a spark-ignition engine is quenched when it looses about 10-20% of its total power to the wall depending on the local orientation of the flame. The mean normalised wall heat flux is
meaning that the average quenching process in a sparkignition engine is essentially a superposition of HOQ and SWQ.
At this point, it shall again be pointed out that the normalised wall heat fluxes u Q are the averaged wall heat fluxes during quenching. This means that they indicate the mean mode of flame-wall interaction at a specific location. As previously discussed, a cycle-resolved analysis is not possible in a meaningful way. In this context, turbulence does play a role, since it determines the degree of wrinkling and thereby the local orientation of the flame during quenching. If the turbulence is high, it can be expected that the local flame orientation exhibits a large cycle-to-cycle variance resulting in an average flame-wall interaction mode between HOQ and SWQ. If it is low in contrast, this effect is less pronounced and it is more likely that the mean mode at one location converges to either HOQ or SWQ. This role of turbulence can be seen by comparing the scatter of u Q at OP2 and OP3. OP2 possesses the highest turbulence level and the lowest degree of scattering, whereas OP3 has the lowest turbulence level and the highest degree of scattering. This explanation also applies to the differences in the degree of scattering of the quenching distances (Fig. 6 ) at the operating points. As the quenching distance also depends on the mixture properties at each measuring location in contrast to u Q , turbulence does also possess a secondary effect in this case: the higher it is, the better the mixture homogenisation and the lower the spatial differences between each measuring locations.
Peclet numbers The Peclet numbers were estimated by normalising the quenching distances evaluated with the inner layer formulation according to equation (2) . The thermal conductivity k and the specific heat c P were chosen in accordance with Eq. interactions. This behaviour can be expected based upon the previous discussion of the normalised wall heat fluxes u Q since both quantities are inversely correlated. The mean Peclet number is
Based upon this relation, a more sophisticated approach of estimating the quenching distance including mixture property variation can be developed using Eq. (2):
In this context, the Peclet number Pe Q can also be adapted to the local flame orientation. Sound assumptions for HOQ as well as SWQ are Pe Q;HOQ % 5 and Pe Q;SWQ % 10, respectively. Dependance on mixture properties For laminar flamewall interactions, the normalised scales u Q and Pe Q do not exhibit any evident dependency on mixture properties despite a slight pressure dependence (cf. [21, 25, 37] ). Hence, a similar behaviour can be expected for the present results. Since u Q and Pe Q are closely related, an examination of one of these quantities is sufficient. Figures 11, 12 and 13 show the normalised wall heat fluxes u Q as a function of p, / and T u , respectively. A small pressure dependency with decreasing wall heat fluxes towards higher pressures is evident. This is in accordance with the previously mentioned studies, although more data is needed for a final assessment. Concerning the dependency on the equivalence ratio / as well as the unburned temperature T u , no obvious correlation exists, which is again in good agreement with the studies on laminar flamewall interactions.
Remarks and limitations
Although the diameter of the surface thermocouples is very small, they do not provide a strict one-point measurement, especially during SWQ. This leads to an underestimation of the wall heat flux and to an overestimation of the quenching distance in this case. Second, the quenching process in a spark-ignition engine can not be seen as isobaric in contrast to the studied flame-wall interactions in literature. The influence of a pressure gradient during quenching has not yet been examined. To account for this problem at least in a minimal way, the pressure was averaged between the beginning and the end of the interaction. Thirdly, the URANS simulation of the in-cylinder flow can only be seen as a good approximation of reality. To begin with, the exact geometry of the engine is unknown due to inevitable manufacturing tolerances. Moreover, the charge motion, mixture formation and combustion are all affected by the models and the numerics Fig. 13 Dependence of the normalised wall heat flux u Q on the local unburned temperature T u . All operating and measuring points are depicted employed. Such effects were countered by properly validating the employed simulations. It is expected that the mentioned issues do only have a minor influence on the outcome.
Conclusion
To clarify the nature of flame-wall interactions in sparkignition engines, highly resolved measurements of the wall heat fluxes at different operating conditions were made. The cycle-resolved data was subsequently processed to extract the wall heat fluxes in the moment of quenching. This quenching wall heat flux can be used to calculate the quenching distance as well as the normalised wall heat flux u Q and the normalised quenching distance Pe Q . For this purpose, a new relation for the calculation of the quenching distance, the inner layer formulation, was introduced and compared to the one proposed by Boust et al. [6] . To use either of these relations, the flow and mixture conditions near the wall in the moment of quenching have to be known. Hence, a simulative methodology was subsequently introduced to estimate these values with sufficient accuracy. The boundary and initial conditions were calculated using a 1D gas exchange analysis as well as a thermal analysis employing a succession of 3D-CFD incylinder flow, 3D-FE heat conduction and 3D-CFD coolant flow simulations. Based upon the final 3D-CFD in-cylinder flow calculation, a 1D simulation of a freely propagating flame with detailed chemical kinetics was conducted to provide the necessary laminar flame properties such as s 0 L . The analysis of the quenching distances revealed that they depend on mixture properties, which are influenced by the engine operating parameters. In this respect, the pressure being determined by the engine load is the parameter of leading order. Furthermore, it was shown that the quenching distances are comparable to the ones published in literature for laminar flame-wall interactions despite the varying operating conditions. The normalised wall heat fluxes u Q and Peclet numbers Pe Q exhibited a similar behaviour and the same order of magnitude as during laminar quenching. This experimental evidence strongly supports the initial assumption that flame-wall interactions in spark-ignition engines are essentially laminar. Thus, the processes which lead to quenching, i.e. radical recombination and termination of the chain branching reactions due to heat losses, can also be assumed to be similar. Hence, the insights provided by previous studies on laminar flame quenching can also be utilized in the context of internal combustion engines. Moreover, the results provide experimental evidence for the flamelet hypothesis as well as for the assumption that the late stage of combustion near the cylinder walls is laminar. It can be expected that the observed behaviour of flame-wall interactions is the same for all types of internal combustion engines with a premixed combustion process.
The typical scales of quenching in spark-ignition engines for a wide array of operating conditions read:
Pe Q % 7:7, ð12Þ y Q % 280 lm Â p=1bar ð Þ À0:55 .
Note that the last relation is only valid for gasoline-air mixtures. For other fuels it has to be scaled with the ratio of the corresponding diffusive flame thicknesses l F =l F;g . The results of this study suggest that a more detailed estimation of the quenching distance including the variation of mixture properties is possible by simply assuming Pe Q ¼ const.
A comprehensive quenching distance estimation can thus be made by
where Pe Q can either be assumed to be constant (Pe Q ¼ 7:7) or dependant on the local flame orientation, i.e. Pe Q varies between Pe Q;HOQ ¼ 5, respectively, Pe Q;SWQ ¼ 10. This relation is valid for all fuels and types of internal combustion engines with premixed combustion. The presented results can be used to develop or adapt combustion models for premixed combustion in the future, aiding the design and optimisation of efficient engines.
